[1] We collected the ionospheric electron density (N e ) profiles from the FORMOSAT-3/ COSMIC (F3/C) radio occultation measurements to investigate the seasonal behaviors of daytime N e in the altitude range of 200-560 km. Harmonic analysis of the N e at different altitudes provides unprecedented detail of the seasonal behaviors of N e at low solar activity (LSA). Global maps of seasonal harmonic components indicate that there are strong annual and semiannual variations in daytime N e , which have distinct latitudinal and altitudinal dependency. The semiannual component predominates over the annual variation in the equatorial regions and at high latitudes in the East Asian and South Atlantic sectors at low altitudes, and at higher altitudes the semiannual component predominates in the equatorial region, but recedes in other regions. The semiannual variation peaks in equinoctial months in most regions, while it has maxima in solstice months, first in the South Pacific region (around 30°S, 120°W) at 250 km altitude and expanding over the South Pacific and South Atlantic oceans at higher altitudes. Moreover, there is a region around 45°S, 30°W with a dominant semiannual component, moving toward east-north with increasing altitude in the range of 200-270 km. These two interesting features are novel but are not reported yet. The relative amplitude of the annual component of N e has hemispheric asymmetry, which is prominent at high altitudes in the Southern Hemisphere. The winter/seasonal anomaly widely exists in the Northern Hemisphere and southern low latitudes and in Indian Ocean region at low altitudes but gradually disappears at higher altitudes. Further, in equatorial regions, a new finding is the obvious wave-like pattern in the longitudinal structure of the amplitudes of seasonal harmonic components in equatorial regions, which supports possible couplings of sources with lower atmospheric origins in the longitudinal variations of N e .
Introduction
[2] It is well known that there are significant temporal and spatial variations in the Earth's ionospheric F layer. Among these variations, annual and semiannual variations are outstanding features of the F layer N e variations. The characteristics of the seasonal variations of the F layer N e depend on altitude, latitude, longitude, local time, and the phase of solar cycle. Although it has been studied for decades, the seasonal variation of the ionosphere is still one of the questions not fully solved [Rishbeth, 2004] , partly due to the limitations of observation techniques and uneven data coverage. There is a need for more ionospheric measurements, particularly on the altitudinal structure and in oceanic regions, to provide not only a fuller understanding of the ionospheric seasonal features but also more accurate ionospheric models for related applications.
[3] According to the Chapman ionization theory, N e in the ionosphere should behave in a way that is controlled by the solar zenith angle; that is, for the seasonal variation, N e should be greater in summer than in equinox, and smallest in winter. However, previous studies have revealed some interesting ''anomalous'' features [e.g., Bailey et al., 2000; Balan et al., 1998 Balan et al., , 2000 Mendillo et al., 2005; Richards, 2001; Rishbeth, 1998; Rishbeth et al., 2000; Rüster and King, 1973; Su et al., 1998; Torr and Torr, 1973; Chapman ionization theory predicted, they were called ''anomalies.'' Typical anomalies in the F 2 layer N e are the so-called seasonal anomaly or winter anomaly (that the daytime values of midlatitude peak N e of the F 2 layer, N m F 2 , are greater in winter than in summer), annual anomaly or nonseasonal anomaly (take the Northern and Southern hemispheres as a whole, N m F 2 in December is greater than in June at both daytime and night), semiannual anomaly (greater N m F 2 at equinox than at solstice), equatorial ionization anomaly (EIA, the equatorial anomaly is within approximately ±20°of the magnetic equator), and so on [e.g., Ivanov-Kholodny and Mikhailov, 1986; Moffett, 1979; Torr and Torr, 1973; Torr et al., 1980] . The annual anomaly or nonseasonal anomaly is sometime called the annual asymmetry, which has been investigated using N m F 2 [e.g., Yonezawa, 1971; Rishbeth and Müller-Wodarg, 2006; Zeng et al., 2008] , and the total electron content (TEC) from pair stations [e.g., Titheridge and Buonsanto, 1983] and networks of Global Positioning System (GPS) [Mendillo et al., 2005; Zhao et al., 2007] and other missions [H. . Such anomalies are now explained in terms of the seasonal changes in atmospheric compositions and/or dynamic processes [e.g., Bailey et al., 2000; Mendillo et al., 2005; Rishbeth, 1998; Rishbeth et al., 2000] , which were unknown in Chapman's time. Duncan [1969] and Rishbeth et al. [2000] reviewed the various F region seasonal anomaly theories and restudied F region seasonal behavior.
[4] Since the discovery of the winter anomaly in daytime f o F 2 (the critical frequency of the F 2 layer) by Kirby et al. [1934] and the semiannual effect in the F 2 region by O. Burkard in 1951, there are many studies on the ionospheric seasonal behaviors, conventionally conducted with f o F 2 or N m F 2 , and TEC [e.g., Feichter and Leitinger, 1997; Huang et al., 1989; Jakowski et al., 1981; Ma et al., 2003; Mayr and Mahajan, 1971; McNamara and Smith, 1982; Torr and Torr, 1973; Unnikrishnan et al., 2002; Yonezawa, 1971; Yu et al., 2004; Yuen and Roelofs, 1967; Zeng et al., 2008; Zou et al., 2000] as well as modelings [e.g., Millward et al., 1996; Pavlov and Pavlova, 2005; Richards, 2001] .
[5] For example, using f o F 2 during 1958 -1965 at various American stations, Mayr and Mahajan [1971] found that low-latitude N m F 2 is larger in summer than in winter at low solar activity (LSA), while during high solar activity (HSA) the semiannual effect prevails at low latitudes and the winter anomaly prevails at midlatitudes. Torr and Torr [1973] constructed global maps of annual and semiannual variations for different levels of solar activity with f o F 2 data from 140 stations. They reported that the winter/seasonal anomaly predominates at most locations and is more evident at HSA than at LSA. The differences in midlatitude N m F 2 between the two solstices are stronger in the Northern Hemisphere than in the Southern Hemisphere. Yu et al. [2004] also reported the daytime seasonal pattern in HSA years by using global ionosonde data. Richards [2001] examined the midlatitude N m F 2 data and found a semiannual variation with equinox maxima for all levels of solar activity, which are stronger in the Southern Hemisphere. Moreover, Ma et al. [2003] analyzed data from 30 ionosonde stations in three longitudinal sectors to examine the characteristics of the semiannual variation in N m F 2 . Their result indicates that the semiannual variation of N m F 2 is mainly present at daytime.
[6] Many studies have also found strong seasonal variations in TEC at different locations [e.g., Yuen and Roelofs, 1967; Jakowski et al., 1981; McNamara and Smith, 1982; Huang et al., 1989; Meza and Natali, 2008] . Feichter and Leitinger [1997] reported that the semiannual component of TEC is well developed at HSA, while the annual component predominates at LSA during the whole day, except in the interval 1100 -1300 LT. In contrast, Unnikrishnan et al. [2002] showed that over Palehua (19°N, 206°E ) the annual component of TEC slightly exceeds the semiannual component, and the TEC exhibits opposite equinoctial asymmetries at HSA and LSA.
[7] The F region seasonal behaviors are also examined by using data from the incoherent scatter radar (ISR) measurements [e.g., Balan et al., 1997 Balan et al., , 1998 Balan et al., , 2000 Fukao et al., 1991; Kawamura et al., 2002; Oliver et al., 2008; Zhang et al., 2005; Zhang and Holt, 2007] . For example, Kawamura et al. [2002] studied the seasonal behavior at LSA using the Shigaraki (35°N, 136°E) middle and upper atmosphere (MU) radar observations and the Sheffield University plasmasphere-ionosphere (SUPIM) model. Also based on the MU radar observations, Balan et al. [1997 Balan et al. [ , 1998 Balan et al. [ , 2000 have studied the altitude dependence of annual and semiannual variations of N e and temperatures at HSA. They found that below the peak height of the F 2 layer (h m F 2 ) the N e was greater in September than in March, while above h m F 2 the N e was greater in March.
[8] Compared with those at h m F 2 , only a limited number of analyses have studied the climatological patterns in the topside ionosphere [e.g., Bailey et al., 2000; Su et al., 1998 Su et al., , 2005 Zhao et al., 2005] ,. With the Hinotori satellite observations (February 1981 to June 1982 , Su et al. [1998] found a strong annual anomaly in the low-latitude ionosphere at 600 km altitude, while Bailey et al. [2000] revealed the existence of an equinoctial asymmetry in the topside N e . Contrary to N m F 2 , N e at 600 km altitude is higher in the summer hemisphere than in the winter hemisphere. Similar strong seasonal variations were also found for N e at 840 km altitude by L. Liu et al. [2007a] and Zhao et al. [2005] based on Defense Meteorological Satellite Program (DMSP) observations.
[9] During the past decades, several techniques, such as in situ satellite measurements, ground and topside ionosondes, and incoherent scatter radars (ISRs), have been used for probing the structure of the ionosphere. With accumulated dataset of N m F 2 /f o F 2 , TEC, and N e , the overall picture of the F layer seasonal variation becomes more and more clear. Hitherto, however, we still do not have enough information on the altitudinal dependence of the seasonal variations of N e on a global scale. Balan et al. [1997 Balan et al. [ , 1998 Balan et al. [ , 2000 , Kawamura et al. [2002] , and Zhang et al. [2005] have conducted excellent work on this issue; however, more data from different locations are clearly required to provide a global picture of the seasonal variations of N e in the ionosphere, especially the altitudinal structure. With the development of the Global Navigation Satellite System, such as GPS, ionospheric radio occultation (IRO) observations on board low Earth-orbiting (LEO) satellites have become a powerful new technique to remotely sense the ionosphere with global-scale coverage. Some studies have shown promising IRO results in comparison with other measurements. The N e profiles retrieved from IRO measure-ments on board LEO satellites, such as FORMOSAT-3/ COSMIC [Lei et al., 2007; Lin et al., 2007; Schreiner et al., 2007] , CHAMP [e.g., H. Liu et al., 2007] and other missions, bring a potential data resource for understanding global ionospheric structures and their behavior.
[10] In this report, we collect the FORMOSAT-3/COS-MIC (F3/C for short) IRO N e profiles during the interval from DOY (day of year) 194, 2006 194, , to DOY 279, 2008 which are archived at the University Corporation for Atmospheric Research (UCAR, United States) to investigate the global seasonal features of N e . Approximately 1000 -2600 occultation events were registered per day by F3/C. With the huge database of N e profiles, we conduct a statistical analysis on the seasonal behavior of N e . Our emphasis is on its latitudinal and longitudinal distribution, particularly the altitudinal structure. The most significant feature in our results is the presence of complicated global structures in the seasonal variations of N e , which has an interesting altitudinal dependency not reported previously.
Data Source and Processing
[11] The F3/C (a Constellation Observing System for Meteorology, Ionosphere, and Climate mission of six microsatellites) was launched on 15 April 2006 into a circular low-Earth orbit with an altitude of 512 km and a 72°i nclination. Initially the six satellites were close to each other, and now they are in orbits at around 800 km altitude and 30°separation in longitude between each satellite. Each F3/C microsatellite carries a GPS receiver to obtain atmospheric and ionospheric information through recording the phase and Doppler shifts of GPS signals. Electron densities of the ionosphere can be retrieved from the F3/C IRO measurements [e.g., Lei et al., 2007; Lin et al., 2007; Schreiner et al., 2007] . The inversion of N e profiles from IRO observations is based on several assumptions. Among these assumptions, the local spherical symmetry may be a strong one. Although several attempts have been conducted to avoid this assumption, there is no significant improvement in the accuracy of the retrieved profiles. The horizontal structures in some cases may significantly affect the retrieved profiles. Fortunately, preliminary validations of the IRO N e observations showed good agreements with measurements of globally distributed ISRs and ionosondes [Garcia-Fernandez et al., 2005; Jakowski et al., 2002; Lei et al., 2007; Schreiner et al., 1999 Schreiner et al., , 2007 Tsai and Tsai, 2004] . This indicates that the F3/C IRO observations provide an unprecedented three-dimensional N e data source for ionospheric physics studies. The reader is referred to read Lei et al. [2007] , Lin et al. [2007] , and Schreiner et al. [2007] for detailed description on the F3/C mission and IRO N e profile inversion technique and to Liu et al. [2008] for the data distribution. This database has attracted the interests of the community [e.g., Lin et al., 2007; Liu et al., 2008; Zeng et al., 2008] .
[12] We collect the F3/C N e data from DOY 194, 2006 , to DOY 279, 2008 investigate the N e seasonal variation in the altitudinal range of 200 -560 km. During this period the solar 10.7 cm flux F 10.7 was low, and hence we will analyze the ionosphere behavior at LSA. Moreover, we assume that there is a linear solar cycle effect of N e [see L. Liu et al., 2006 Liu et al., , 2007b when we examine the seasonal behavior.
[13] The seasonal variations of N e for a location at a fixed local time can be considered to be a superposition of the annual (A annual ) and semiannual (A semiannual ) components and the mean term (A 0 ) as where e is the corresponding residual term; d is DOY, the day number which is counted as 1 on 1 January and 365(366) on 31 December. A annual has a 12-month cycle with maxima at 8 12 and amplitude A 12 , and A semiannual has a 6-month cycle with maxima at 8 6 and amplitude A 6 . We further expand A 0 and the coefficients C 12 , S 12 , C 6 , and S 6 in the expressions of A annual and A semiannual to take account of the solar cycle dependency as was done by L. Liu et al. [2007a] ; that is, we assume there is a linear solar activity dependency of A 0 , C 12 , S 12 , C 6 , and S 6 :
Here F 10.7p = (F 10.7 + F 10.7A )/2, F 10.7 is the solar 10.7-cm flux index, and F 10.7A is the 81-day average of F 10.7 centered on the day specified. The reason why we choose (F 10.7 + F 10.7A )/2 as solar proxy can be found in the work of L. Liu et al. [2006 Liu et al. [ , 2007b . At a given solar activity level F 10.7p , the amplitude of the ith component is
and the phase of the ith component is
Then the phases are presented in units of months when the maximum of N e occurs. The results shown in the following are normalized to that (F 10.7 + F 10.7A )/2 = 74.
[14] After checking the data quality of IRO N e profiles, we apply a five-point moving smooth to individual profiles and interpolate the data to regular altitude levels (200-560 km). To examine the seasonal variations of N e at any altitude, we collect all data points at this altitude falling within a bin, which is centered at specified local time, latitude, longitude. A least squares fitting is applied to the data points collected in each bin to extract the mean A 0 as well as amplitudes (A 12 , A 6 ) and phases (8 12 , 8 6 ) of the annual and semiannual components using equation (1). To provide ample points for a reliable fitting, the size of the cells was chosen to be 3 h in local time, 4°in latitude, and 30°in longitude. , and 8 12 and 8 6 are in months.
We also plot three geomagnetic field lines in white curves in each panel. Figure 1 illustrates the snapshots of the above parameters at given altitudes. From Figure 1 we can see the latitudinal and longitudinal structure of the seasonal variations of N e . Figure 2 depicts results at selected longitudes, which gives us information on the altitudinal dependency and hemispheric differences. Combining Figure 1 and Figure 2 , we can obtain a three-dimensional picture of the seasonal behavior of daytime N e at low solar activity.
Relative Importance of Annual and Semiannual
Components of N e [16] Take, for example, 204 km for low altitudes. As indicated by A 12 /A 6 in the bottom left panel of Figure 1 , the annual component of daytime N e at low altitudes predominates over the semiannual component at northern midlatitudes and high latitudes in the near-pole regions. The pole here means magnetic pole (see magenta circles in each panel of Figure 1 ). The definition of near-pole and far-frompole regions is similar to that of Millward et al. [1996] , Rishbeth [1998] , and Zou et al. [2000] . The near-pole regions refer to the North Atlantic sector and the Australasian sector in the Southern Hemisphere, and the East Asian and South Atlantic sectors are in the far-from-pole regions. A strong annual component is also present at two lowlatitude bands, one in the Northern Hemisphere and another in the opposite hemisphere. It is interesting that these two bands are located at magnetic latitudes roughly parallel with the dip equator. In contrast, the semiannual component of N e prevails at high latitudes in the far-from-pole regions as well as in the equatorial regions.
[17] Figure 1 also shows that an altitudinal transition exists in A 12 /A 6 of N e . At high altitudes the semiannual component of N e still prevails in the equatorial regions and is significant at high latitudes in North America, while it gradually gives way to the annual component in other regions. It should be mentioned that the altitudinal transition of the relative importance of semiannual and annual components is quite complicated in the region around North America. As the bottom panels of Figure 1 illustrate, in this region the annual component is absolutely dominant at 204 km altitude. With the altitude increasing to 250 km the semiannual component becomes stronger. However, the annual component prevails again at 340 km altitude. In other words, the semiannual component is relatively more important than the annual one around the peak height at middle latitudes in the Northern Hemisphere, similar to the behavior of TEC in the North Atlantic region [Meza and Natali, 2008] . The situation in the Southern Hemisphere is much simpler; that is, with increasing altitude, the semiannual component gradually gives way to the annual component.
[18] The A 12 /A 6 panels of Figure 1 and Figure 2 clearly show that the relative importance of the daytime annual and semiannual variations varies with altitude and latitude. In general, in the region between the two crests of the EIA, the values of N e have obviously semiannual variations, which have a geomagnetic alignment along longitude . The contours tend to align with the dip equator (see Figure 1 ). There are two minima of A 12 /A 6 in latitude at altitudes around 280 km, one near the dip equatorial region and the second one in far-from-geomagnetic-pole highlatitude region. At higher altitudes, the annual component is pronounced at most latitudes and the semiannual component is prominent only in the equatorial region.
Annual Variation of N e
[19] As illustrated in the A 12 and A 12 /A 0 panels of Figure 1 , at 204 km altitude, the low-latitude maxima are obvious in the absolute (A 12 ) and relative (A 12 /A 0 ) amplitudes of the annual component. At altitudes of 340 km and 500 km a hemispheric asymmetry in the amplitude of the annual component becomes pronounced, with a stronger one at middle latitudes and in the far-from-pole regions in the Southern Hemisphere. Both A 12 and A 12 /A 0 in the 500 km altitude panel of Figure 1 are much stronger in the Southern Hemisphere than in the northern one. It can also be seen in the A 12 /A 0 panel of Figure 2 that this hemispheric asymmetry in A 12 /A 0 is distinct at altitudes above about 260 km. A striking aspect is the small altitudinal variation in A 12 /A 0 at altitudes above 260 km. Meanwhile, there are two maxima of A 12 /A 0 in the Southern Hemisphere, one at low latitude and one at high latitudes in the far-from-pole region. Further, a novel finding is that the wave-like pattern can be found in the longitudinal structure of A 0 and A 12 /A 0 at low latitude. Four peaks are obviously presented in the results at 250 km.
[20] Concerning the annual phase, the annual variation at 204 km altitude peaks around December solstice in most regions in the Northern Hemisphere and the far-from-pole region in the Southern Hemisphere, whereas it peaks around March equinox to June solstice at low latitudes and in the near-pole region in Southern Hemisphere (see the 8 12 panel of Figure 1) ; hence there is a winter/seasonal anomaly over most regions in the Northern Hemisphere and southern low latitudes at low altitudes. However, 8 12 shows entirely different behaviors at high altitudes in both hemispheres. With increasing altitude, 8 12 in the Northern Hemisphere shifts toward June solstice, first in far-from-pole regions, and gradually extends to the whole middle and low latitudes. Meanwhile, in the Southern Hemisphere 8 12 also gradually shifts to local summer months. In other words, the annual component tends to have maxima in local summer months at higher altitudes. Consequently the winter/seasonal anomaly disappears at high altitudes in most regions.
[21] The top panels of Figure 2 depict the altitudinal variations of 8 12 at different latitudes in three longitudes. In the Southern Hemisphere the annual component has maxima around December solstice at most altitudes. The 8 12 shifts from January or equinoctial months (in the South Atlantic Ocean and Indian Ocean; see 30°E in Figure 2 , for example) around 220-250 km to December solstice at high altitudes, and at low latitudes the shift in 8 12 is from June solstice to December solstice. In contrast, in the Northern Hemisphere 8 12 peaks around December solstice for altitudes below about 250 -270 km, while it gradually peaks toward June solstice at higher altitudes. As a result, the values of N e at high altitudes in summer exceed those in winter, which is quite consistent with previous investigations [e.g., Su et al., 1998; L. Liu et al., 2007a] .
Semiannual Variation of N e
[22] The A 6 and A 6 /A 0 panels of Figure 1 show that at 204 km altitude the semiannual component of daytime N e has maxima at low latitudes in the Southern and Northern hemispheres. The bands of the maxima are marking the location of the EIA. Further, the semiannual component dominates in the far-from-pole regions in the Southern Hemisphere, which is in more detail in the A 12 /A 6 panel of Figure 2 for the result at geographic longitude 30°E sector. Moreover, the low-latitude A 6 peaks around the crests of EIA, in parallel with the dip equator. Therefore Ma et al. [2003] suggested that the main cause of the semiannual variations is related to the ionospheric fountain effect. As illustrated in the A 6 /A 0 panel of Figure 2 , the maxima of A 6 /A 0 of N e at low latitudes have an arch structure, and its equatorial peak extends to a higher altitude compared with that of A 0 . This latitudinal and altitudinal pattern suggests the control of geomagnetic field, indirectly depicting the important role of dynamic processes in the semiannual variation in the equatorial and low latitude regions.
[23] In addition, in the far-from-pole region the semiannual component is more pronounced in the altitudinal range of 250 -450 km. If we take snapshots of A 6 /A 0 at different altitudes (figures not shown here), we can see that as the altitude lifts, the location with dominant semiannual component moves in the direction toward east-north in the South Pacific Ocean region. This is also a novel phenomenon. This feature can also be found if we compare the A 6 / A 0 results at 204 km and 250 km in Figure 1 .
[24] As shown in the 8 6 panel of Figure 1 , the semiannual component has maxima in equinoctial months in most regions over the global. The 8 6 maximum occurs in solstice months only in the low-latitude bands at low altitudes. With increasing altitude, this anomalous area in the equatorial region quickly recedes and is no longer discernable at 340 km. At higher altitudes, solstice maxima also occur at southern middle latitudes in the American sector. As illustrated in the 8 6 panel of Figure 1 , the semiannual variation peaks in solstice months first around geographic 30°S, 120°W at 250 km altitude, and the area expands in latitude and longitude extending over the South Pacific and South Atlantic oceans at higher altitudes. The altitudinal evolution of this feature is more obvious in the 8 6 panels in Figure 2 for geographic longitude 100°W and 136°E. This interesting feature is also not reported yet in the literature.
Annual Mean of N e
[25] Turning to the annual mean values of N e , the A 0 panels of Figures 1 and 2 depict the well-known EIA structure in equatorial and low latitudes. There is a hump latitudinal structure in A 0 . The EIA crests of A 0 are merged together into a single peak in the dip equatorial region at high altitudes. The low-latitude peaks in A 0 roughly align along with the dip equator.
[26] A new feature is that at low altitudes (below 240 km), two bands are found with depleted A 0 at the equatorial side of the low-latitude maxima straddling with higher values around the dip equator. The two bands with depleted A 0 at low altitudes exist in all longitudes. With increasing altitude, the feature disappears. From the A 0 panel in Figure 2 , we note that there are two plasma caves with depressed A 0 around 200 -230 km underlying the crests of EIA in both hemispheres. Therefore the two plasma caves in A 0 exist in all longitudes.
[27] Another finding is that a wave-like pattern is obviously present in the longitudinal structure of A 12 , A 6 , A 0 , A 6 /A 0 , and A 12 /A 6 in the equatorial region. It indicates the existence of a longitudinal wave-like structure in the seasonal variations of N e , which is reported for the first time. The wave-like longitudinal pattern has been found in airglow observations [Henderson et al., 2005; Immel et al., 2006; Sagawa et al., 2005] and daytime N e [e.g., Lin et al., 2007; Lühr et al., 2007] , TEC , electron temperature [Ren et al., 2008] , and scale height , etc. It has long been recognized that the tilt of the magnetic field configuration is the ultimate cause of the longitudinal dependence of ionospheric annual variation. However, recent works suggest possible couplings of sources with lower atmospheric origins, like the nonmigrating tide mode DE3 [e.g., Henderson et al., 2005; Immel et al., 2006; Wan et al., 2008] . Our results shown here also support this possibility, because the wave-like longitudinal variation of the seasonal behavior of N e cannot be explained solely with the control of the magnetic field configuration.
Seasonal Variation of N m F 2 and h m F 2
[28] Figure 3 shows the global distribution of the seasonal variations of N m F 2 and h m F 2 around 1300 LT. We may have a much detailed map of the seasonal characteristics, compared with that of Torr and Torr [1973] and even the most recent work of Yu et al. [2004] .
[29] A 12 /A 0 of N m F 2 in the left-hand panels illustrates the hemispheric asymmetry in the annual change of daytime N m F 2 , generally stronger in the Southern Hemisphere. A strong annual component appears at low latitudes as well as at high latitudes in the Southern Hemisphere. The daytime N m F 2 has maxima around December solstice in most regions, while in Europe, Central America, and Indian Ocean the annual maxima occur around March.
[30] A hemispheric asymmetry also exists in the semiannual amplitude of daytime N m F 2 , generally stronger in northern low latitudes and also at southern middle and high latitudes in the far-from-pole region. We may note a simple picture in the semiannual phase of N m F 2 , prevailing globally in equinoctial months. An exception can be seen in 8 6 (with solstice months) in the southern Pacific Ocean. In this region, anomalous 8 6 have also been found in that of high-altitude N e (see the 8 6 panels in Figure 1) , as mentioned in the previous section.
[31] As depicted by the left-hand panel of A 12 /A 6 in Figure 3a , the annual components of N m F 2 are dominant in the near-pole regions and at low latitudes in the Southern Hemisphere, while the semiannual variations of N m F 2 are relatively stronger in other regions.
[32] Recently, with the TOPEX data at LSA, Meza and Natali [2008] reported that at middle latitudes the main component is semiannual in North Atlantic and annual in South Atlantic. It is interesting that their TEC feature is quite similar with that of N m F 2 in middle Atlantic regions. Moreover, although the global distribution of the seasonal behavior of N m F 2 depends on solar activity, our LSA results are roughly consistent with those of Yu et al. [2004] . Yu et al. [2004] collected ionosonde data at HSA and derived that the annual variation of N m F 2 is most pronounced at magnetic latitudes of 40°-60°in both hemispheres, while a semiannual effect prevails in tropical regions and in the farpole regions with maxima usually in March and April. Winter anomaly is most noticeable at high midlatitudes in the North American/European and Australian/Asian sectors at HSA. In other longitudes, and more generally in lower latitudes, the predominant variation of N m F 2 is more or less semiannual, with maxima at or soon after the equinoxes. Of course, the region with winter anomaly is much smaller in our LSA results.
[33] Concerning h m F 2 , the annual component is dominant over the semiannual variation in most regions, which is distinctly depicted in the A 12 /A 6 panel of Figure 3b . Semiannual variation becomes the main component at high latitudes in Northern America, mainly due to the smaller annual amplitude there.
[34] On the basis of ionosonde data, Rishbeth et al. [2000] revealed a semiannual component in low and middle latitude h m F 2 , which is comparable in amplitude to the annual variation. Their results are inconsistent with our results and also not reproduced by the thermosphereionosphere-mesosphere electrodynamics general circulation model (TIMEGCM) simulations. In contrast, the TIMEGCM simulations give a quite small semiannual component, which agrees with our result.
[35] The annual variation of h m F 2 consistently peaks in June solstice in the Northern Hemisphere and around December solstice in the Southern Hemisphere. As a result, daytime h m F 2 is higher in summer than in winter, which is well known to us. What is striking for us is that the annual phase of h m F 2 is well regulated by the sign of dip angle. This interesting feature reveals important information on the seasonal variations of dynamic processes, because h m F 2 is strongly affected by dynamic processes, such as neutral winds and electric fields [e.g., Oliver et al., 2008] .
Discussion
[36] The basic physics and chemistry of the F 2 layer are thought to be well understood. The composition/solar zenith effects have implications for the ionosphere and can be used to explain the observed seasonal behaviors in the bottomside ionosphere. The seasonal variations of the ionosphere have been explained in terms of changes in solar zenith angle and thermospheric composition [e.g., Rishbeth and Setty, 1961; Rüster and King, 1973] and from global circulations [Millward et al., 1996] . According to the generally accepted theory, the ionospheric N e depends on the atomic/molecular ratio ([O] Rishbeth and Setty [1961] first suggested the seasonal anomaly may be associated with atmospheric composition changes. There are much experimental and theoretical evidence of seasonal changes in the O/N 2 and O/O 2 ratios at thermospheric heights. The seasonal composition changes are induced by the prevailing summer-towinter general circulations [e.g., Duncan, 1969] . The driving forces of this general circulation are heating due to solar radiation and energy from the solar wind deposited at high latitudes [e.g., Millward et al., 1996; Rishbeth, 1998 ]. The high-latitude circulation is significantly geomagnetically controlled. There is a big offset of the magnetic pole from the geographic pole. Moreover, the importance of c in seasonal variations of N e is also quite different for different locations [Millward et al., 1996] . As a result, the ionosphere in near-pole and far-from-pole regions shows different seasonal behaviors of N e as illustrated in Figures 1 and 3 . Detailed description is given by Rishbeth [1998] , which has been used by Yu et al. [2004] and many other researchers to explain their N m F 2 seasonal behaviors.
[37] Further, it has been known that several thermospheric parameters (such as neutral density, temperature, and compositions) vary semiannually, as has been known for decades. In terms of the offset of poles, Millward et al. [1996] have successfully simulated the observed semiannual effects at middle latitudes in the South American sector. Moreover, Fuller-Rowell [1998] suggested that the increased internal mixing at solstices can explain the semiannual neutral density variation and further that in N m F 2 . It is proposed that the global-scale circulation at solstice acts like a huge spoon to mix the major thermospheric species, causing less diffusive separation of the species at solstices. As a consequence, [O] /[N 2 ] has clear annual and semiannual variations at most longitudes. The total mass density also has presented a clear semiannual variation [e.g., Bowman et al., 2008; H. Liu et al., 2005 . The semiannual variation of the ionosphere has ionization maxima in equinoxes and minima in solstices; the maxima arise from the optimized effect of the thermospheric composition and solar zenith angle at equinoxes when the thermospheric circulation is most symmetric.
[38] The semiannual variation in neutral density is a worldwide effect. There are no apparent latitude and altitude variations [Bowman et al., 2008] , which is also reproduced in empirical models (like the Mass Spectrometer Incoherent Scatter (MSIS). However, our analysis and other studies show strong altitudinal and latitudinal variations. Therefore finding the real source of the semiannual variation of N e will be a challenging task.
[39] Besides the existence and relative importance of annual and semiannual variations, there is an altitudinal structure in the seasonal behaviors of N e . Observational evidence indicates that the seasonal behavior in the topside ionosphere is rather different to that in the F region [e.g., Balan et al., 2000; Kawamura et al., 2002; L. Liu et al., 2007a; Su et al., 1998; Zhao et al., 2005] . Our results in section 3 also clearly give us such a picture.
[40] It is well known that with increasing altitude, dynamics plays a more and more important role in the ionospheric evolution. Actually, the topside ionosphere is not in photochemical equilibrium and transport becomes one of the principal processes. Thus, besides neutral compositions, neutral winds should play an important role in the seasonal variations of N e . Thermospheric winds push plasma up and down geomagnetic field lines and transport plasma from one hemisphere to the other by modulating the field-aligned flows, which influences the latitude structure of plasma [Oyama and Watanabe, 2004; Watanabe et al., 1995] and the observed hemispheric asymmetries. Neutral winds in the magnetic meridian include contributions from both the geographic zonal and meridional winds, which depend on the magnetic declination angle. Therefore the field-aligned flows due to neutral winds may be a primary cause of the latitudinal and longitudinal dependences and the seasonal variations of the topside plasma densities [e.g., Bailey et al., 2000; Balan et al., 1997 Balan et al., , 2000 Su et al., 1998 ]. The seasonal variations of meridional winds may contribute to influence the seasonal variations of N e , especially at which the thermospheric wind effects are particularly strong. Further, it is expected that the zonal wind also has contributions at longitudes with significant magnetic declinations , giving the hemispheric asymmetries a longitudinal dependence (see Figure 3) . As a result, the seasonal behavior exhibits altitudinal features because neutral winds play an important role in the high-altitude ionosphere. In terms of the effect of neutral wind, for example, Balan et al. [2000] proposed an explanation for the altitudinal variation of the seasonal behavior of N e . Later, Kawamura et al. [2002] further extended this idea to explain the MU radar observations at LSA.
Summary
[41] We analyzed the N e data from the F3/C IRO observations to investigate the global ionospheric seasonal behaviors at low solar activity. Harmonic analysis illustrates strong annual and semiannual components in the seasonal variations of N e , which supports previous related studies and may stimulate a better understanding of the ionospheric climatology. In summary, the major features are outlined as follows.
[42] 1. Electron densities at low altitudes (up to the F 2 layer peak) as well as N m F 2 show a pronounced semiannual component in far-from-pole (high latitudes in the East Asian and South Atlantic sectors) and equatorial regions and strong annual variation in equatorial anomaly and near-pole regions. At high altitudes the semiannual variation still predominates in equatorial region but gives way to annual variation in other regions. In contrast, the annual component tends to have maxima in local summer months at higher altitudes, and consequently the winter/seasonal anomaly disappears at high altitudes in most regions.
[43] 2. A hemispheric asymmetry is found in the annual and semiannual amplitudes of N m F 2 and high altitude N e ; the annual amplitude is more prominent at low and high latitudes in the Southern Hemisphere, and the semiannual one is stronger in the northern equatorial region and in the southern far-from-pole region.
[44] 3. The winter/seasonal anomaly widely exists at low altitudes but gradually disappears at high altitudes. In contrast, N m F 2 has equinoctial maxima for the semiannual variation and December solstice peaks for the annual component in most regions, and the annual component prevails in daytime h m F 2 in most regions with phase well regulated by the sign of dip angle.
[45] 4. Further, there are some interesting features not reported before. With increasing altitude, semiannual variation with solstice maxima expands over the South Pacific and South Atlantic oceans. An east-north movement is presented in the South Pacific region with dominant semiannual variation in the altitude ranges of 200 to 310 km. A wave-like pattern is obvious in the longitudinal structure of the amplitudes of seasonal harmonic components in equatorial regions similar to that observed earlier in N m F 2 .
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